A study was conducted to determine the effect of solubilzation due to thermal hydrolysis pretreatment on the microbial population responsible for anaerobic digestion at mesophilic temperature. Metagenomic and microbial population analysis was done on digester receiving thermal hydrolysis pretreatment as well as on conventional digester receiving no thermal hydrolysis pretreatment. The digester receiving thermal hydrolysis pretreatment was stable at lower detention times and showed shift in microbial population with predominance of methane producing population in comparison to conventional digesters receiving no thermal hydrolysis pretreatment. Among methanogens, Methanosarcina showed dominance in the THP digester. Conventional digesters had mixed culture of acid producing and methane producing population, with almost equal population of methane producing archaeal population -Methanobacterium and Methanosarcina. Kinetics showed high growth and substrate utilization rates in pilot digester receiving THP.
INTRODUCTION
Thermal hydrolysis pre-treatment (THP) is being widely used on primary and secondary sludge generated at sewage treatment plants. THP causes solubilisation of the organic matter which makes it more amenable to digestion (Jolis, 2008) . It leads to formation of higher soluble COD which is easily taken up by the biomass, thus a stable performance with higher organic destruction and more biogas generation is observed than with the traditional anaerobic digestion at mesophilic temperature. Solubilisation of COD in sludge enhances biogas formation during anaerobic digestion (Bougrier, et al., 2008) . In conventional digesters, carbohydrates, proteins, and lipids are hydrolyzed and further fermented to acids to form methane. On the contrary, these macromolecules are broken into smaller molecules during THP, which are easily transported through cell membranes during the anaerobic digestion process, thereby speeding up the digestion process. Pilot studies with THP followed by anaerobic digestion at mesophilic temperature revealed higher organic destruction as well as almost twice the biogas production, at detention time lower than 10 days (Jolis, 2008) . Full-scale experience shows that anaerobic digesters can be loaded at a higher organic loading without compromising the digester stability at a minimum detention time of 8 days (Pook, 2013) . Hence, determining the solubility of organic matter is important to predict the performance of digesters. Research suggests that higher soluble COD favors the growth of methanogen bacteria in the digester (Jolis, 2008) , and experiments found roughly 30% of the COD in the THP sludge is in the dissolved form, with high concentrations of VFAs (Kepp et al., 2001) . It is hypothesized that due to presence of solubilized organic matter, there is shift in microbial consortium which causes digesters to perform well at higher organic loading and lower detention time. Previous research has found that predominance of acetic acid in digester feed favors growth of Methanosarccina population -a robust type of methanogen that increases digester stability at lower detention times (Conklin et al., 2006) .
OBJECTIVES
This study was conducted to validate the hypothesis of change in microbial consortium in digester receiving THP due to presence of soluble organics. The goal of this study was also to find formation of high concentrations of volatile fatty acids (VFA) that favor the growth of any specific methanogen population which are responsible for stable performance of digesters at high organic loadings and at lower detention times. When comparing microbial population, the results obtained from this study are compared with full scale digesters operated at mesophilic temperature and above 15 days detention time.
METHODS

Pilot Setup and Operation
Pilot set up comprised of anaerobic digester, pre-dewatering unit, and thermal hydrolysis pretreatment unit. A 113.5 Liters steel egg-shaped anaerobic digester (113.5 Liters) was set up to receive thermally hydrolyzed sludge. Pilot digester comprised of following appurtenances: a) positive displacement pump for recirculation and heating of the sludge, b) water bath with jacket heaters, and c) peristaltic pump to feed hydrolyzed sludge to the digester tank. The digester tank had four recirculation openings, two along the side and two at the top of conical portion of the tank, one feed port to feed the sludge, one sludge withdrawal port at the bottom conical portion of the tank for recirculation and heating of the sludge and one drain port at the side of the bottom conical portion of the tank to drain the tank if required. The interconnecting piping was 1 inch, whereas port sizes were ¾ inch. The tank was equipped with a sampling port to grab samples for lab analysis and a sludge overflow port. The sludge overflow port was connected to a plexiglass weir which in turn was connected to the drain system to discharge the wasted/digested sludge.
Digester was fed using peristaltic pump (Cole Parmer Instrument, Company, Vernon Hills, Illinois) with Hydrolyzed Combined Primary and Secondary Sludge (HCPAS). The digested sludge was wasted through the sludge overflow port which was connected to the drain.
The temperature in the digester tank and water bath was monitored using Resistance Temperature Detectors (RTD) (Pyro Mation Inc., Fort Wayne, Indiana), each installed in water bath and digester tank. The amount of gas formed during the anaerobic process was determined using thermal dispersion type mass flow meters (Sierra Instruments, Monterey, California). The gas meters were mounted at the top of the digesters. The gas leaving digester was passed through heater (Watlow, St. Louis, Missouri) to avoid any damage to the gas meter caused by condensation of water vapors. Occasional foaming of the digesters was anticipated; therefore, a foam trap was installed before the heaters to avoid foam getting into the heater and the gas meters.
The digester had cylindrical body with conical sections at the top and bottom of the body. The digesters were maintained under completely mixed conditions at mesophilic range (35 deg C).
Mixing and heating of the sludge at mesophilic temperature was achieved by progressive cavity pump (Moyno, Dayton, Ohio) that would withdraw the sludge from the bottom of the tank, circulate it through heat exchanger coil immersed in hot water bath, and discharge it back into the digester tank through ports located at the top conical portion of the tank. A (208 liters) drum was used as a water bath. The temperature in the water bath was achieved by means of jacket heaters (Cole Parmer Instrument Company, Vernon Hills, Illinois) wrapped around the drum. The jacket heater was furnished with thermostat to achieve the desired temperature. The digester tanks, interconnecting piping, and water bath were wrapped in fiberglass insulation to reduce heat loss.
The temperatures of the digester tanks and gas formation were logged on a continuous basis. Pilot set up is shown in Figure 1 . 
Pre-dewatering of the Combined Primary and Activated Sludge (CPAS)
Prior to thermal hydrolysis pretreatment of CPAS, sludge is pre-dewatered to obtain 13% -14% solids concentration. Pre-thickening is achieved using High Consistency Rotary Screen Thickener (FKC, Port Angeles, Washington). CPAS and polymer were fed to the HC-RST to obtain the desired solids consistency. Typical plant CPAS solids concentrations are observed in the range of 4% -5%. HC-RST was operated once a week to produce required pre-dewatered sludge to desired consistency. The product was stored in the refrigerator until ready to run through the THP unit (Cambi Test rig, Asker, Norway).
Thermal Hydrolysis Pretreatment
Pre-dewatered sludge at 13% -14% solids concentration was fed in to the thermal hydrolysis unit where the sludge was subjected at a temperature of 150˚C and pressure of 5.5 bar at 30 minutes detention time followed by release of pressure. Cell lysis and dissolution of organic matter takes place at high temperature and pressure leading to product that is easily biodegradable. Thermally hydrolyzed product contained solids at approximately 10% concentration.
Analytical Methods
Samples were grabbed twice a week from the digester to measure soluble COD (sCOD), TS, and TVS using Standard Methods (APHA et al., 1992) . Soluble COD (sCOD) was measured based on Method 5220D (APHA et al., 1992) by analyzing the supernatant after centrifuging the sludge samples. The microbial population was determined by metagenomic testing and quantified using Quantitative Polymerase Chain Reaction (qPCR) technique.
During metagenomics analysis, DNA was extracted from the samples using PowerSoil DNA isolation kit (MO BIO, Carlsbad, California). The extracted DNA was then amplified to determine 16S rRNA population using polymerase chain reaction (PCR). The amplicons obtained from purified PCR product were then sequenced using MiSeq reagent kit V3 chemistry on the MiSeq sequencer (Illumina, San Diego, California). A library of the sequenced amplicons was generated by KAPA DNA library preparation kit (Kapa Biosystems, Wilmington, Massachusetts). The copy number of 16S rRNA was quantified using real time PCR. Real time PCR was conducted by ABI 7500 (Applied Biosystems, Carlsbad, California). Gene copy number was calculated based on E.coli genomic DNA. The raw sequence data obtained was analyzed using FastQC for quality control check. The metagenomics analysis was performed at IEH laboratories & Consulting Group, Washington.
Quantification of Methanosarcina and Methanobacterium population in pilot digester as well as in full scale digester was conducted using qPCR. Taqman was used with a Methanosarcina and Methanobacter specific primer. A forward and a reverse primer were selected to amplify the two mentioned species. Methanosracina specific primer sets S-G-MSar-0450-S-a-19 (5'-TAGCAAGGGCCGGGCAAGA-3') and S-G-Msar-0589-S-a-20 (5'-ATCCCGGAGGACTGACCAAA -3') (Sawayama, et al., 2006) were used. To amplify Methanobacter specific primer sets S-F-Mbac-0398-S-a-20 (5'-CCCAAGTGCCACTCTTAACG-3') and S-G-Mbac-0578-A-a-22 (5'-AGACTTATCAARCCGGCTACGA -3') (Sawayama, et al., 2006) were used.
EPA method 8310 (EPA -Test Methods SW-846) was used as guidance to determine volatile fatty Acids (VFAs). The qualitative and quantitative analysis was performed using High Performance Liquid Chromatography. Analytical column used was; Restek Ultra Aqueous C18 reversed phase with no end cap with following specifications: 150-mm x 4.6-mm ID, 5-µm particle size, 100A pore size, 2.5-8 pH range, 80°C temperature limit, 15% carbon load. Mobile phase was 0.05-M Phosphate buffer. Detection was achieved using Agilent G1314A variable wavelength ultraviolet detector with following components: Standard flow cell, 10-mm path length, 14-pL volume, Deuterium lamp, 190-600-nm ultraviolet (UV) wavelength range. VFA analysis was performed at Eurofins lab -Monrovia, California.
Feed and Digested Sludge Characteristics
A 113.5 liters pilot digester was set-up to receive HCPAS at 12 days detention time at mesophilic temperature (35 ˚C). The feed rate to digester was 9.5 L/d. The digester was fed twice a day @ 4.7 L/feed using peristaltic pump. The experiment was run for 5 months (~150 days).
The digester received HCPAS at TS 10±1.3%, VS 80±6%, and sCOD 46±6.2 g/L, whereas digestate had concentrations of TS 3.6±0.6%, VS 66±5%, and sCOD 5.9±1.2 g/L. The pH in the digester was stable and was observed at 7.4±0.1.
Full scale digesters operated at mesophilic temperature and 15 days detention time received CPAS at TS 5%±0.7%, VS 83±3%, and sCOD 15±2 g/L, whereas digestate had TS 2.3%±0.2%, VS 69±4%, and sCOD 2±0.2 g/L The performance of digester was determined based on the microbial population, and kinetics.
RESULTS
Microbial population
The microbial population in the pilot digester as well as in full scale digesters was determined using Metagenomic and qPCR analysis using methods described previously, in full scale digester with no THP and pilot digester receiving THP is shown in Table 1 . Total Archaea, 16SrRNA genes (per mL), Avg.
5.72E+08 ± 9.31E+07
4.45E+08 ± 1.84E+08
Methanogens, % of Total Archaea, Avg.
97 ± 2 94 ± 0 ±Standard Deviation
Results revealed that pilot digester receiving hydrolyzed CPAS had a predominant population of methanogens (Archaea) compared to acid producing bacteria. Among methanogens, the acetate consuming archaea showed dominance and its population was found to be higher than the full scale digester, whereas the full scale digester had mix of acid producing and methanogen population. Overall, the total bacterial population in full scale digester was higher by almost 12% than the pilot digester receiving THP, but the archaeal population was higher in pilot digester compared to full scale digester. Hence, the result confirms the hypothesis of shift in microbial population due to solubilization during THP, governing the growth of methane producing archaeal population.
The metagenomics analysis and qPCR suggest that solubilization of organics during THP leads to formation of fermentation products which can be utilized for methane formation. The microbial consortium present in the pilot digester indicates that the archaeal population is about 30% higher than the methanogen population found in full scale mesophilic digesters, with Methanosarcina comprising about 65% population among methanogens. Hence, from the data obtained, the pilot digester mainly presented methanogenic activity taking place. Further investigation was carried out to determine the methanogen species such as Methanobacterium and Methanosarcina in pilot digester and full scale digester using qPCR method described previously. The methanogen species present in pilot digester receiving THP, full scale digester receiving no THP are shown in Table 2 . It can be observed from the qPCR results that Methanosarcina dominates in pilot digester. The concentration of solubilized organics due to THP is a deriving factor to predict the growth of specific microbial population. Methanosarcina is believed to be the dominant species in presence of high acetate concentration (Conklin et al., 2006) . The qPCR results strongly suggest presence of acetate concentrations in the pilot digester receiving THP to the levels that promote the growth of Methanosarcina. Hence, it is assumed that the formation of acetate at higher concentrations takes place during thermal hydrolysis process, which is consumed rapidly to produce methane gas. Acetic acid, propionic acid and butyric acid are the dominant acids formed that are responsible in methane formation process (McCarty et al., 1963) . Feed sludge and digested sludge samples from pilot digester were analyzed to determine the presence of VFAs, and their concentration in the feed and digested sludge is given in Table 3 . The VFA results indicate presence of high concentrations of acetic acid and butyric acid. This validates the assumption of Methanosarcina population outcompeting Methanobacterium which thrive on hydrogen to produce methane. Dominance of Methanosarcina indicates the conversion of butyric acid to acetic acid. In comparison, in full scale digesters, a mixed population of Methanobacterium and Methanosarcina was observed with Methanobacterium being the predominant population. Growth studies have shown that compared to other methanogen species, Methanosarcina is believed to be more resistant to high ammonia concentrations (Sprott et al., 1986) . Formation of high concentrations of ammonia takes place in anaerobic digester receiving THP, with typical concentrations of ammonia found in pilot digester in the range of 2 g/L -2.5 g/L. Hence, combination of high acetate and ammonia concentrations in the pilot digester receiving THP play an important role for the dominance of Methanosarcina population.
A theoretical model (Lawrence et al., 1969) was used to determine the distribution of microbial population based on the volatile acids present in the digesters using the COD converted to methane gas (COD R) given in Table 4 . The rate of utilization as acetic acid (mg/volume) is represented by (dF/dt). The equation for determining the substrate-specific fraction of microbial mass (ssfx): Using the equation (1) and the values in Tables 3 and 4 , the ssfx for butyric acid is 0.35, whereas for acetic acid is 0.65. This means 35% of the microbial population is butyric acid fermenters and 65% population is acetic acid fermenters. The theoretical population evaluation of acetic fermenters correlates with the metagenomics analysis. Hence, it is strongly suggested by the results that the dominance of one specific type of microbial population can be achieved for stable digester performance due to THP.
Kinetics
Based on the data collected, following kinetic parameters were obtained as shown in Table 6 . Specific substrate utilization rate (sCOD g/VS g.d) is obtained by finding the ratio of soluble COD consumed to the volatile solids in the reactor. Delta S (∆ ) for digester receiving THP was observed to be 0.385 kg/d, whereas for digester with no THP was found to be 0.098 kg/d. The yield coefficient was determined based on the methane gas formation and soluble COD destruction at 12 days detention time in digester receiving THP and at 15 days detention time in digesters with no THP. The methane content of the gas in the digester receiving THP was found to be around 65%, whereas for digester receiving no THP, the methane gas content was found to be 60%. The decay coefficient value is taken from the literature (MetCalf & Eddy, 2003) , which is the overall combined for fermentation and methanogenesis. The cell tissue produced and yield coefficients in the pilot digester receiving THP as well in digester receiving no THP are calculated using the equation (2) and (3) (MetCalf and Eddy, 2003) for complete-mix reactors without recycle as follows:
The data in Table 5 is overall growth rate in the digester and not specific to VFA utilization. The maximum specific growth rate (µmax) was determined from Yield coefficient (Y) and Substrate utilization rate (Y x Substrate utilization). The kinetic values indicate that the digester with THP has higher growth rate, yield, and substrate utilization rates, which explains superior performance of the digester receiving THP and point to the possibility of stable process at reduced HRT.
DISCUSSION
Anaerobic digesters receiving THP can be loaded 2 -3 times higher than the conventional digesters without affecting its stability. The key to superior performance appears to be the change in the nature of the organics present after THP. The results clearly indicate that presence of soluble organics promotes the growth of methanogenic activity. Hence, a change in microbial consortium is observed in digester receiving THP when compared to microbial population in full scale mesophilic digester without THP. The proportion of acid producing bacterial population in digester receiving THP is less than the methanogen population, whereas the opposite is true for anaerobic digesters without pretreatment. A conventional mesophilic digester with no pretreatment requires a balance of acid producing and methane producing bacteria for stabilization of organic waste through the three steps process of: hydrolysis, acid production, and methane formation. On the contrary, hydrolysis process takes place during THP, so that the digester with THP can be operated mainly as a methanogenic reactor.
The study also observed the dominance of Methanosarcina -methane forming strain in the digester receiving THP. The formation of methane gas takes place predominantly from conversion of acetate. Previous research (Zinder et al., 1979, and Conklin et al., 2005) observed dominance of Methanosarcina in presence of high acetate concentrations. The VFA results during the study also verify presence of high butyric and acetic acid, hence promoting the growth of Methanosarcina in the digester receiving THP. The doubling time of Methanosarcina is about 12 h (Zinder et al., 1979) , which explains higher growth rates and higher substrate utilization rates for digesters with Methanosarcina predominance. Further methanogen washout study needs to be conducted to determine the minimum detention times at which the digester can be operated, thereby increasing the treatment capacity. Since, the results showed dominance of Methanosarcina, this information can be utilized in design of full scale digesters receiving THP.
CONCLUSION
The hypothesis of change in microbial consortium in digester receiving THP due to presence of soluble organics is very well validated from the study as well as from comparison made with full scale mesophilic digesters that due to thermal hydrolysis there is change in the chemistry which causes a shift in microbial population. In digester receiving THP, higher population of methanogens were observed with predominance of Methanosarcina which are believed to be more robust and can utilize substrate at higher rates. One of the reasons for this shift is the presence of higher acetate concentration that is readily available for microbes for stabilization. Based on the kinetic parameters the growth rate and substrate utilization rates are higher. Hence, digester could be operated at lower detention times.
